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Study History:  This project materially began as Exxon Valdez Oil Spill Trustee Council 
Project 10100132 of the Prince William Sound Herring Survey program (2009-2012), 
which included vessel surveys to the same stations occupied as part of this project. This 
project was approved by the Exxon Valdez Oil Spill Trustee Council in 2011, and funding 
began in February 2012. Fieldwork for this project began in 2013 and continued until 
December 2016, and the analysis of samples is ongoing. Annual reports were submitted in 
2012 through 2015. Data from this project have been published in two manuscripts which 
are presented in this report as Appendices: 

Campbell, R.W. 2018. Hydrographic trends in Prince William Sound, Alaska, 1960–2016. 
Deep Sea Research II 147:43-57. doi: 10.1016/j.dsr2.2017.08.014 

McKinstry, C.A.E., and R.W. Campbell. 2018. Seasonal variation of zooplankton abundance 
and community structure in Prince William Sound, Alaska, 2009–2016. Deep Sea 
Research II 147:69-78. doi: 10.1016/j.dsr2.2017.08.016 

Abstract:  In order to track the bottom-up factors (environmental, biogeochemical and 
lower trophic level) that may be important for ecosystem function, regular surveys of the 
Prince William Sound region were conducted between 2013 and 2016, and consisted of 
basic oceanographic and biological measurements (temperature and salinity; chlorophyll-a, 
nitrate, and zooplankton concentrations). Additionally, an autonomous profiling mooring 
was deployed in central Prince William Sound, to capture high frequency variability in the 
surface layer. Analysis of a now 40-year long time series of temperature and salinity 
suggests that the region is experiencing a warming and a freshening trend in the surface 
waters, which may have enhanced horizontal transport mechanisms. The most recent years 
(2014 to present) have reflected a widespread warm anomaly throughout the Gulf of 
Alaska (aka “The Blob”). Biological measurements showed considerable year-to-year 
variability, although the basic trends in the biological cycles were consistent: a large spring 
phytoplankton bloom occurs each year in most locations, and also a less frequent autumn 
bloom. Zooplankton taxa broke out into several space/time groups, which corresponded 
with the physical and biological cycles, and appeared to be fairly consistent from year to 
year, although taxa shifts have been observed that are likely a reflection of the recent warm 
anomaly.  

Key words:  climate, oceanography, phytoplankton, Prince William Sound, salinity, 
temperature, zooplankton   

Project Data:  Data collected during this project includes conductivity, temperature, depth 
(CTD) casts, depth-specific chlorophyll concentrations, and zooplankton species 
composition and abundance. CTD data are in text files in the format produced by the 
software provided by the CTD manufacturer; all data processing steps are documented in 
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metadata headers within each file, as well as station metadata (station name, event 
number, longitude, latitude, date and time). Chlorophyll and zooplankton data are in flat 
text files. All of the data are publically available on the Alaska Ocean Observing System 
(AOOS) data portal (http://portal.aoos.org/gulf-of-alaska.php#metadata/fc5b0956-ef7c-49df-
b261-c8e2713887fc/project).  

The custodian of the data is Robert Campbell, PWS Science Center, Box 705 Cordova, AK, 
rcampbell@pwssc.org.  

The AOOS contact is Carol Janzen, 1007 W. 3rd Ave. #100, Anchorage, AK 99501, 907-644-
6703, janzen@aoos.org, http://portal.aoos.org/gulf-of-alaska.php.  

There are no limitations on the use of the data, however, it is requested that the authors be 
cited for any subsequent publications that reference this dataset. It is strongly 
recommended that careful attention be paid to the contents of the metadata file associated 
with these data to evaluate data set limitations or intended use. 

Citation:   

Campbell, R. W. 2018. Long term monitoring of oceanographic conditions in Prince William 
Sound. Exxon Valdez Oil Spill Trustee Council Project Final Report (Project 
16120114-E), Exxon Valdez Oil Spill Trustee Council, Anchorage, Alaska.  
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EXECUTIVE SUMMARY 
The goal of this program was to deliver an oceanographic monitoring program that would 
return useful information on temporal and spatial changes in the surface oceanography, 
biogeochemistry, and the planktonic ecosystem in the Prince William Sound (PWS) region. 
The data was depth-specific (because water column stability is important to ecosystem 
productivity), of high enough frequency to capture timing changes (changes that occur on 
order of weeks), and discover spatial variability in the region. Specific objectives included: 

1. Install and maintain an autonomous profiling mooring in PWS to measure daily profiles 
of temperature, salinity, chlorophyll-a (as a proxy for phytoplankton biomass), turbidity 
and nitrate concentration in the surface layer (0-100 m). 

2. Conduct regular surveys throughout PWS to tie in spatial variability to the high 
frequency time series provided by the mooring. 

3. Support continued herring research by maintaining the existing time series 
(hydrography, plankton and nutrients) at the four bays previously targeted by the Sound 
Ecosystem Assessment (SEA) program. 

The autonomous oceanographic profiler was purchased in 2012 and, following proving and 
test deployments in 2013, was operationally deployed at a site in central PWS in 2014 
through 2016. The goal of the project was to deploy the profiler from spring through 
autumn to capture the evolution of the surface oceanography, plankton dynamics, and 
nutrient biogeochemistry over the growing season. The 2014 deployment ended early due 
to a hardware failure, but captured part of the spring bloom, which was extremely early 
that year. The 2015 and 2016 deployments covered late winter through autumn with 
unprecedented detail (with occasional small gaps caused by breakdowns and 
maintenance). The time series from the profiler showed widespread high temperatures (as 
much as 4°C above average), which corresponds to observations made throughout the Gulf 
of Alaska (known as “The Blob” warm anomaly). Phytoplankton bloom dynamics varied 
considerably among years, but it is difficult to attribute the effects of “The Blob” anomaly at 
present, because the profiler has only been deployed during warm anomaly years, and 
there is very little comparable data from other years. 

The oceanographic observations from the vessel surveys were combined with a four-
decade time series of temperature and salinity profiles within PWS and the immediately 
adjacent shelf that was compiled from numerous archives. Observations matched with 
recent cool (2007-2013) and warm (2013-onward) cycles observed recently in the region, 
and also showed an overall regional warming trend (0.1 to 0.2 °C per decade) that matches 
long-term increases in heat transport to the surface ocean. A cooling and freshening trend 
occurred in the near surface waters in some portions of PWS, particularly the northwestern 
margin which is also the location of most of ice sheets/glaciers, suggesting that those 
patterns are due to increased meltwater inputs. Increases in salinity at depth are consistent 
with enhanced entrainment of deep water by estuarine circulations, and by enhanced deep 
water renewal caused by reductions in downwelling-favorable winds. Estimates of mixed 
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layer depths shows a shoaling of the seasonal mixed layer over time by several meters, 
which may have implications for ecosystem productivity in the region. 

The vessel surveys also sampled zooplankton at 12 stations in PWS and enumerated 188 
species of zooplankton with Oithona similis, Limacina helicina, Pseudocalanus spp., and 
Acartia longiremis the most common species in 519 samples. Zooplankton communities 
remained low in abundance in the winter (894 ± 112 no. m-3) and were characterized by 
warm-water indicator species including Mesocalanus tenuicornis and Calanus pacificus. 
Zooplankton abundance peaked (38,784 ± 10,106 no. m-3) in the late spring/early 
summer. Community assemblages determined via hierarchical cluster analysis and 
indicator species analysis produced six distinct communities. Nonmetric multidimensional 
scaling using a Bray-Curtis dissimilarity matrix (3D stress = 0.17) corroborated these 
analyses. The winter assemblage diverged based on location into three communities 
characterized by small copepods, meroplanktonic larvae, and large calanoid copepods 
(Neocalanus flemingeri, Eucalanus bungii, Calanus marshallae) at open water stations. Large 
calanoid communities persisted into late summer and spread into PWS bays. In the early 
autumn, zooplankton communities sound-wide began to converge back into the winter 
community indicated by a transitional gelatinous carnivore community. Zooplankton 
abundance was significantly higher in 2010 (542 ind. m-3 ± 55) compared to all other years 
(ANOVA p<0.05) and lowest in 2013 (149 ind. m-3 ± 12). We also found significant 
relationships with mixed layer salinity, sea surface temperature, mixed layer depth, 
chlorophyll-a maximum (via CTD), depth of chlorophyll-a max, location, and bottom depth 
(BIOENV-BEST r = 0.24, p < 0.05). 

INTRODUCTION 
Marine ecosystems are not static over time, they may change gradually from year to year or 
shift abruptly; those changes are in part driven by bottom up factors, such as 
environmental changes (e.g., temperature, salinity, turbidity), and biogeochemical 
interactions (the availability and recycling of nutrients). Long term monitoring of the spill-
effected area is important, both in order to assess the recovery of resources, and to 
understand how the ecosystem is changing over time. 

The ecosystems of the PWS region are influenced by physical environmental factors: 
metabolic and other vital rates for lower trophic species are generally temperature 
controlled, and water column production is ultimately limited by the amount of nitrogen 
made available to primary producers each year. Nitrogen availability is influenced by 
stratification (i.e., the onset of a seasonal thermocline or halocline) and mixing processes. 
These physical factors vary in space and in time, with different locations having different 
drivers (e.g., tidewater glaciers vs. riverine estuaries, watersheds of varying size), and 
those parameters also change both inter- and intra-annually. Superimposed over all those 
changes in the physical environment are myriad changes in the marine ecosystem, both in 
terms of the constituents (who is there) and abundance (how many there are, or their 
biomass). The phenology of ecosystem components (the timing of who appears) is also 
important, particularly concerning matches and mismatches between predators and prey. 
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The deep waters of the North Pacific are the terminus of the Great Ocean Conveyor 
(Broeker 1991), which accumulates remineralized nutrients from several centuries of 
detritus flux to depth. Those nutrient-rich deep waters are mixed onto the continental 
shelf, where they fuel very high primary productivity (Behrenfeld and Falkowski 1997) 
that is transferred up the food web to higher trophic levels (Ware and Thompson 2005).  

Primary productivity in the Gulf of Alaska (GoA) is highly seasonal, and thought to be 
mediated by the availability of light and water column stability (Henson 2007). There is 
usually a large bloom each spring that depletes surface nutrients (primarily nitrate: 
Childers et al. 2005), a period of relatively low productivity through the summer months, 
and potentially a smaller autumn bloom as stability breaks down. The canonical 
hypothetical mechanism for spring bloom formation is the Critical Depth Hypothesis (CDH; 
Sverdrup 1953) whereby bloom initiation occurs after stability reaches a critical depth 
whereby growth exceeds losses. Recent work elsewhere has suggested that the CDH does 
not necessarily hold, and that bloom formation may occur in winter, leading to the Dilution-
Recoupling Hypothesis of Behrenfeld (2010), which explicitly includes zooplankton 
grazing. 

PWS is a large and complicated estuarine-fjord system with numerous sub-basins around 
its margins. It is separated from the GoA by several large islands, and surrounded on its 
three landward sides by the Chugach Mountains. The surface waters of PWS receive 
considerable freshwater inputs, from streams, rivers, and icefields, as well as considerable 
sediment loading. PWS is immediately downstream of the Copper River delta, the largest 
point source of fresh water to the GoA, which produces a turbid plume that travels 
westward along the coast into PWS through Hinchinbrook Entrance. PWS is also connected 
to shelf waters via the Alaska Coastal Current (ACC; Royer 1981), which may flow in 
through Hinchinbrook Entrance as well. Circulation in central PWS is usually cyclonic, and 
driven by local winds (Vaughan et al. 2001, Okkonen and Belanger 2008), although there 
may be occasional reversals (Niebauer et al. 1994). The depth of the main basin is 
approximately 350 m (although there are some basins in the western part that are 700 m 
deep), while the depth of the sill at Hinchinbrook Entrance is approximately 200 m deep. 
Deep water renewal events occur in PWS but are not well described, renewal is likely set 
up during the summer and autumn by the on-shelf movement of deep water (Weingartner 
2005, Halverson et al. 2013). 

Within PWS, variations in annual productivity have been posited to vary based on the 
variations in upwelling/downwelling and the track of the ACC (the River-Lake hypothesis 
of Cooney et al. 2001a). Some support was found for this hypothesis for some years (1981-
1991), but not in others (Eslinger et al. 2001). During winter, nutrient availability is high, 
as deep, nutrient-rich water is mixed to the surface. Phytoplankton production during the 
winter is light-limited, with a vernal bloom following the onset of stratification in the 
spring. Stratification is driven by the balance between the stabilizing inputs of freshwater 
and heat and the destabilizing influence of wind and tidal mixing. PWS is destabilized by 
negative heat flux and tidal mixing in the winter, and stabilized by freshwater and heat 
inputs in the summer (Eslinger et al. 2001, Henson 2007). In general, the spring bloom 
starts in PWS in March to April (Weingartner 2005) and is temporally broad, occurring into 
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July (Henson 2007). PWS may also experience an autumn bloom, as stability breaks down 
and nutrients are moved to the surface (Eslinger et al. 2001). 

The numerical and biomass dominant zooplankton in PWS is Neocalanus spp. (two closely 
related congeners, N. plumchrus and N. flemingeri), which overwinters at depths >300 m. In 
mid-winter (December onward), overwintering copepodids molt to adulthood and spawn 
at depth. Eggs and nauplii migrate to the surface, and development progresses rapidly 
(usually in conjunction with the spring bloom); upon reaching the penultimate copepodids 
stage, individuals descend to depth and enter a diapause state. Following the spring bloom, 
smaller bodied copepods predominate (Pseudocalanus, Acartia), and Metridia becomes 
more common in autumn (Cooney et al. 2001b). Several krill species are also present, but 
are less common and less easily sampled.  

PWS is also a productive habitat for fish, including several forage fish species (Willette et al. 
1997), including herring (Clupea pallasii), capelin (Mallotus villosus), sand lance 
(Ammodytes hexapterus), and several species important in commercial and subsistence 
fisheries including Pacific salmon (Oncorhynchus spp.), walleye Pollock (Gadus 
chalcogrammus) , Pacific cod (Gadus macrocephalus), and Pacific halibut (Hippoglossus 
stenolepis). PWS is particularly important rearing habitat for juvenile pink salmon and 
herring, with pink salmon feeding on zooplankton during the spring bloom, and herring 
primarily in late summer/autumn (Cooney et al. 2001a). 

Warming trends have been observed globally for many years (e.g., Levitus et al. 2001), and 
those trends have been observed in Alaska (Shulski and Wendler 2008, This report 
Appendix A). Much of the increased heat flux has been taken up by the ocean (Barnett et al. 
2005), and warming trends have been observed in coastal Alaska at the regularly sampled 
GAK line near Seward, Alaska (Royer and Grosch 2006, Janout et al. 2010). Since late 2013, 
sea surface temperature anomalies throughout the GoA have been as much as 3-4°C above 
average; the leading hypothesis for that particular anomaly (colloquially referred to as 
“The Blob”) is a reduction in winter heat flux leading to residual heat being retained by the 
surface ocean (Bond et al. 2015). 2015-2016 was also the second strongest El Niño event 
on record (NOAA 2016), which generally correlates with higher that average surface 
temperatures. 

OBJECTIVES 
The goal of this program was to deliver a monitoring program that would return useful 
information on temporal and spatial changes in physical, chemical, and biological 
oceanographic parameters at a reasonable cost, and with a reasonable amount of effort. 
The data should be depth-specific (because water column stability is important to 
ecosystem productivity), of high enough frequency to capture timing changes (changes that 
occur on order of weeks), and give an idea of spatial variability in the region. Specific 
objectives included: 

1. Install and maintain an autonomous profiling mooring in PWS that will measure daily 
profiles of temperature, salinity, chlorophyll-a (as a proxy for phytoplankton biomass), 
turbidity and nitrate concentration in the surface layer (0-100 m). 
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2. Conduct regular surveys in PWS to tie in spatial variability to the high frequency time 
series provided by the mooring. 

3. Support continued herring research conducted by the Herring Research and Monitoring 
Program (program 16120111) by maintaining the existing time series (hydrography, 
plankton and nutrients) at the four Sound Ecosystem Assessment (SEA) bays. 

The results of Objectives 2 and 3 have been published in two peer-reviewed manuscripts 
(Appendix A, B); this portion of the report will focus on the results of objective 1, the 
autonomous profiling mooring. 

METHODS 
A WETlabs Autonomous Moored Profiler (AMP) was purchased in 2013. The AMP was 
deployed at a site 9 km southeast of Naked Island, in 200 m water depth (Fig. 1); it is the 
same location of a biophysical buoy deployed by the University of Alaska Fairbanks in the 
1990s as part of the Exxon Valdez Oil Spill Trustee Council-funded SEA program (see 
Eslinger et al. 2001). 

 

Figure 1. Prince William Sound, Alaska. The 12 stations occupied during the vessel 
surveys are indicated by the red dots, and the profiler was deployed at the “Mooring” 
site. 
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The AMP system is a surface piercing profiler that parks at depth and profiles from the 
park depth to surface at user specified intervals (Fig. 2). Once at the surface, the profiler 
connects to a server computer on land via a cellular data link for data and 
command/control telemetry, and then pulls itself back down the line to the park depth 
with a small onboard winch. The PWS AMP system includes a Seabird model 19 CTD, a 
WETLabs FLNTU chlorophyll-a fluorometer/backscatter turbidometer, and a Satlantic 
SUNA nitrate sensor, and is usually set to profile from 60 m depth to the surface. The 
system is powered by a 1.5kW lithium polymer battery manufactured by Bluefin Robotics 
for autonomous underwater vehicle use, and with the current instrument suite is capable 
of conducting approximately 60 profiles per charge. 

 

Figure 2. A typical daily profile cycle done by the autonomous profiler. Most of the day 
is spent at a park depth (~60 m) in a low power state. 
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The PWS AMP system arrived in late 2012 and was outfitted and tested in Nelson Bay near 
Cordova in late 2012 and early 2013. The first deployment at the Naked Island site was in 
June 2013. The AMP system is an emerging technology (the PWS AMP is the seventh such 
system built), and this deployment is the northernmost and most remote deployment done 
to date. Numerous issues were resolved in 2012 and 2013, including corrosion, floatation, 
and communications issues. The first operational deployment at the Naked Island site was 
done August 29 to September 30, 2013, and observed the disruption of the seasonal 
thermocline. The profiler was again deployed in April 2014, and observed the development 
of the subsurface spring bloom into May. The profiler was disabled by a hardware failure in 
late June 2014 and was returned to the manufacturer for service. The 2015 deployment 
began in late March, and the profiler was in place conducting daily profiles (with a small 
number of interruptions for service) until late October, thus capturing the annual evolution 
of the surface layer in PWS. 

In 2015 the North Pacific Research Board approved a project submitted by R. Campbell to 
upgrade the profiler and develop and install an in situ plankton camera system. The profiler 
controller electronics were upgraded to the newest version, and a new cellular data 
modem installed. The camera was developed in 2015/16 in collaboration with the Jules 
Jaffe group at the Scripps Institution of Oceanography, and was integrated with the profiler 
in early 2016. The camera system images an approximately 10 x 10 x 6 cm volume of water 
at 4Hz, and has a pixel resolution of approximately 15 µm, and is thus able to image large 
phytoplankton and most zooplankton. The 2016 deployment of the profiler system with 
the new camera was conducted from early April 4 to December 5, and profiles were done 
twice daily, with profiles done during solar maxima and minima (to observe diel migrant 
plankton that are active at night).  

Temperature, salinity and pressure were measured directly by the CTD, which is mounted 
with the sampling duct at the top of the profiler. The nitrate sensor was plumbed after the 
CTD with a seabird 5T pump. The fluorometer/turbidometer was side-looking and 
mounted 35 cm below the CTD sampling duct. Nitrate and fluorescence observations were 
lagged in time relative to the CTD based on the ascent rate of the profiler to line up the 
observations. The winch motor turns at a constant rate, and the ascent rate decreases over 
the course of the profile as line is paid out.  

To convert temperature measurements to anomalies, observations were subtracted from 
the long-term daily seasonal average. The long-term seasonal average is a second order 
cosine curve regressed over a 40 year CTD time series from the central sound (“CS region”; 
Appendix A). A detailed description of the method is included in Appendix A. 

RESULTS 
The 2013 deployment was done very late in the year, and was done primarily as a trial 
deployment to operationally test the profiler. Thirty-three daily profiles were done during 
the deployment, and showed the deepening of the seasonal thermocline in temperature 
(Fig. 3) and salinity (Fig. 4). There was no indication of an autumn bloom in the 
fluorescence record (Fig. 5), and there was a pronounced nitricline (Fig. 6).  
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Figure 3. Temperature time series measured by the autonomous profiler during each 
year of deployment in Prince William Sound, Alaska. 

 

 
Figure 4. Salinity time series measured by the autonomous profiler during each year 
of deployment in Prince William Sound, Alaska. 
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Figure 5. Fluorescence time series measured by the autonomous profiler during each 
year of deployment in Prince William Sound, Alaska. Fluorescence is given as digital 
counts, which are linearly proportional to in situ chlorophyll-a fluorescence, and have 
been log10 transformed. 

 
Figure 6. Nitrate time series measured by the autonomous profiler during each year of 
deployment in Prince William Sound, Alaska. 
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In 2014 the profiler was deployed on April 21. Although there was little indication that the 
spring thermocline had formed (Fig. 3), the spring bloom was already in progress, with a 
subsurface chlorophyll maximum, and significant draw-down of nitrate in the top 20 m of 
the water column. The 2014 deployment ended in late June following a hardware failure 
caused by a corrosion issue. 

The 2015 deployment was started earlier in the year (March 22), and captured the 
development of the spring bloom, which began near-surface in late April and shifted 
towards a subsurface maximum into May (Fig. 5); the highest chlorophyll fluorescence at 
that time was located near the nitricline (Fig. 6). The seasonal thermocline developed in 
late April and into May, and was disrupted by large wind events in May and June that 
disrupted the thermocline (Fig. 3) and mixed nitrate towards the surface (Fig. 6). Near 
surface salinity began to decline in late June, and was also disrupted by a wind event in late 
July. Through July and August there was a chlorophyll maxima present at the nitricline 
(Figs. 5, 6), and there was not any indication of an autumn bloom during September and 
October when the seasonal pycnocline began to break down. However, there was about a 
two week gap where profiles were not recorded (the profiler was recovered after a 
software bug left it stuck at the surface, and weather prevented its redeployment for 
several days). 

The start of the 2016 deployment was delayed by delays in the upgrades to the profiler at 
the factory, the need to test the new camera system, and an unexpected hardware failure 
when the electronics were initially returned. The profiler was deployed on April 4, and the 
spring bloom was already underway, with high chlorophyll fluorescence near-surface (Fig. 
5) and nitrate depleted from the top 5 m of the water column (Fig. 6). The seasonal 
thermocline began to form in late April / early May, and broke down late September into 
October (Fig. 3). Near-surface salinity increased at approximately the same time (Fig. 4). 
There was again a chlorophyll maximum at the nitricline for much of the summer months, 
and a pronounced autumn bloom in late September and October, with high fluorescence 
occurring near-surface into November. 

Deployments of the profiler began at approximately the same time as the initial genesis of 
“The Blob” anomaly in the central Gulf of Alaska, and temperature anomalies at the profiler 
site were almost always positive at the surface over the entire record (Fig. 7). Autumn 
(when observed) and winter temperatures were also characterized by positive anomalies. 
Temperatures were cooler than average underneath the seasonal thermocline. Near 
surface salinity anomalies were also generally below average (i.e., more fresh than the 
climatology; Fig. 8), and above average below the seasonal thermocline, at the same 
approximate depths and times that negative temperature anomalies occurred. 
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Figure 7. Temperature anomalies during each year of deployment in Prince William 
Sound, Alaska. Temperature observations were converted to anomalies by subtraction 
from the seasonally detrended annual average (Appendix A). 

 
Figure 8. Salinity anomalies during each year of deployment. Salinity observations 
were converted to anomalies by subtraction from the seasonally detrended annual 
average (Appendix A). 
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DISCUSSION 
When it was purchased, the PWS AMP profiler was the seventh such system constructed in 
the world and the PWS deployment was the most remote, northerly, and coldest 
deployment location to date. There were numerous challenges to overcome, from working 
with the local telephone cooperatives to improve the reliability of the cellular network for 
data telemetry, to learning the various failure points of the system and developing best 
practices. Most of the initial issues have been worked out of the system, and the 2015/16 
upgrades to the profiler (as well as upgrades done to the cellular network) have greatly 
improved the reliability of communications, both for control and data transmission. 
Although the 2014 deployment was shorter than desired, the 2015 and 2016 deployments 
have produced an unprecedented picture of the annual evolution of the surface layer 
oceanography and biogeochemistry in PWS. 

All of the profiler deployments have been done during “The Blob” warm anomaly and 
surface temperature anomalies were almost universally positive throughout the time series 
(Fig. 7). It will remain uncertain for now just how unusual those years were, and continued 
observations moving forward will no doubt provide context on the impacts to the 
biogeochemistry and planktonic ecosystem. The warm near surface temperatures were not 
unexpected, given the positive anomalies observed basin-wide (Scannell et al. 2016). 
Negative salinity anomalies near surface were also not unexpected, given a freshening 
trend observed in PWS since the mid-1970s that is due in part to losses in ice mass by 
fringing ice sheets, and changes in precipitation patterns (Appendix A, and references 
therein).  

The cool anomalies below the seasonal thermocline were accompanied by greater than 
average salinity (notable in 2015 and 2016: Figs. 7, 8). Those apparent anomalies appear to 
have been in part due to a thinning of the surface mixed layer, which is initially set up by 
temperature stratification, then reinforced by salinity stratification (Appendix A). The 
climatologies for temperature (Fig. 9) and salinity (Fig. 10) in Central PWS from Appendix 
A have been reproduced here, with the scaling of the axes adjusted to correspond with the 
depths sampled by the profiler (color axes are also identical). Comparison of the 
temperature time series (Fig. 3) to the climatology (Fig. 9) suggests that the spring 
thermocline set up earlier than average in 2014 through 2016, and that the thermocline 
was shallower than the climatology, particularly in 2015, resulting in the negative 
anomalies below the thermocline. The shoaling of density stratification in response to a 
warming signal has been observed in the central Gulf of Alaska (Li et al. 2005). 

In contrast, salinity stratification in 2015 and 2016 (the only years that captured that time 
of the year well; Fig. 4) appears to have begun roughly on schedule, with salinity beginning 
to decline in late June, as it does in the climatology (Fig. 10). The near surface salinity 
minima was much lower than average near surface (Fig. 8), which would also serve to 
strengthen stratification. The higher than average subsurface salinity observed July 
through September may thus reflect changes to the overall synoptic oceanography. A long-
term trend towards increasing salinity at depth was also observed, which appears likely to 
have been caused by changes in transport of more saline water at depth, both by 
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entrainment, and changes in deepwater renewal caused by changes in downwelling 
conditions on the adjacent shelf. Those mechanisms are described in detail in Appendix A. 

 
Figure 9. Temperature climatology for central PWS. Redrawn from Appendix A Fig. 3 
(region “CS”), with the axes rescaled to be comparable to Fig. 3 of this report. The 
color axis is identical to that of Fig. 3 of this report (i.e., the figures are directly 
comparable). 

 
Figure 10. Salinity climatology for central PWS. Redrawn from Appendix A Fig. 3 
(region “CS”), with the axes rescaled to be comparable to Fig. 4 of this report. The 
color axis is identical to that of Fig. 4 of this report (i.e., the figures are directly 
comparable). 

The spring bloom in PWS has not been well described beyond a large scale satellite based 
study (Henson 2007) and a modeling effort done as part of the SEA project (Eslinger et al. 
2001); chlorophyll-a and nitrate climatologies do not exist. The canonical picture that 
emerges from the prior studies is that the spring bloom usually initiates in late April into 
May, followed by an abrupt decline in early to mid-May when the surface nutrients are 
exhausted. Phytoplankton biomass remains low through the summer months (June-
September), with a smaller autumn bloom occurring in October-November as stability 
breaks down and nutrients are mixed upward by equinoctial storms. 

The observations made by this study were not fully in line with that canonical picture. The 
spring bloom occurred very early in 2014, with significant nitrate drawdown and low 
surface chlorophyll concentrations by mid-April (Figs. 5, 6). The 2016 bloom appears to 
have been early as well, with the bloom well underway in early April. The 2015 bloom 
began roughly on schedule, and chlorophyll concentrations declined in late May, although 
there were still relatively large concentrations of nitrate available near surface. An autumn 
bloom was only observed in 2016. Although analysis is ongoing, 2015 is emerging as 
something of an unusual year throughout the north Pacific with changes noted in many 
plankton species and mortality events in many vertebrates (Cavole et al. 2016). It is 
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entirely possible that the prolonged period of above average temperatures (up to 4°C 
above average) in 2014 and 2015 altered the phytoplankton community in such a way as to 
limit overall productivity. Phytoplankton species composition was not assessed by this 
project, but a small number of pilot samples were collected in 2016 and proposals have 
been submitted to add those observations in future. Changes in zooplankton taxa were 
discussed in detail in Appendix B.  

CONCLUSIONS 
The PWS autonomous profiler is an in-development autonomous sampling platform and 
after some initial setbacks and lessons learned has documented the evolution of the surface 
oceanography and biogeochemisty of PWS much higher frequency than done previously 
(daily to twice-daily), and highlighted considerable year-to-year variability. The profiler 
observed the high temperature anomalies that occurred across the Gulf of Alaska as part of 
“The Blob” marine heat wave, as well as smaller scale salinity anomalies that are 
attributable to recent climatological changes (see Appendix A). Although the observations 
were confined to “Blob” years, there were large year-to-year differences in the timing of 
bloom events, overall productivity, and nutrient availability and drawdown. Ongoing 
deployments in future will put those observations into better context and permit a better 
understanding of the functioning of the surface oceanography and biogeochemistry of PWS. 
Ultimately, given an adequate time series, these data could be extremely useful for 
understanding changes in the abundance and productivity of higher trophic level 
organisms, including those that are commercially important. 
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